Genetic diversity represents the fundamental key to breeding success, providing the basis for breeders to select varieties with constantly improving yield performance. On the other hand, strong selection during domestication and breeding have eliminated considerable genetic diversity in the breeding pools of major crops, causing erosion of genetic potential for adaptation to emerging challenges like climate change. High-throughput genomic technologies can address this dilemma by providing detailed knowledge to characterize and replenish genetic diversity in breeding programs. In hexaploid bread wheat (Triticum aestivum L.), the staple food for 35% of the world's population, bottlenecks during allopolyploidisation followed by strong artificial selection have considerably narrowed diversity to the extent that yields in many regions appear to be unexpectedly stagnating. In this study, we used a 90,000 single nucleotide polymorphism (SNP) wheat genotyping array to assay high-frequency, polymorphic SNP markers in 460 accessions representing different phenological diversity groups from Asian, Australian, European, and North American bread wheat breeding materials. Detailed analysis of subgroup diversity at the chromosome and subgenome scale revealed highly distinct patterns of conserved linkage disequilibrium between different gene pools. The data enable identification of genome regions in most need of rejuvenation with novel diversity and provide a high-resolution molecular basis for genomic-assisted introgression of new variation into chromosome segments surrounding directionally selected metaloci conferring important adaptation and quality traits.
selection at this locus was found to have a major influence on allelic variation on chromosome 2D. This is a good example of how genome-wide molecular markers can be used as a basis to pinpoint deficits in genetic diversity among elite wheat breeding populations.
Understanding of population stratification and genetic relatedness also provides a basis to establish genetically divergent heterotic groups for maximization of heterosis in hybrid breeding approaches (Melchinger, 1999) , which are expected to considerably support wheat improvement in the near future (Longin and Reif, 2014) . Genetically diverse gene pools represent the basis of heterotic potential. However, the intensive exchange of elite varieties within wheat breeding programs, which traditionally have focused on inbreeding strategies rather than hybrid pool formation, have greatly reduced the differentiation among elite materials. One strategy to overcome this problem is the combination of lines from dissimilar target environments for expansion of genetic diversity among pools (Whitford et al., 2013) . In this context, Zhang et al. (2011) investigated the genetic diversity and population structure of 111 cultivars and breeding lines from northern China with 1637 DArT markers to help establish heterotic groups. Such studies provide valuable information for the selection of suitable, genetically divergent crossing parents.
Knowledge about the extent of population structure is also essential for the design of genome-wide association studies (GWAS) and genomic selection (GS). Population structure is one of the main factors affecting linkage disequilibrium (LD) and, in GWAS, can cause the identification of spurious marker-trait associations (Flint-Garcia, 2003; Zhang et al., 2010a) . Linkage disequilibrium, the nonrandom association of alleles at different loci (Flint-Garcia, 2003) , is a key descriptor of the genetic makeup of plant populations. The extent and pattern of LD can reflect signatures of directional selection for genomic regions harboring genes underlying various traits (Qian et al., 2014) . Patterns of LD also enable comparisons of allelic variation at chromosome and subgenome level among populations. Moreover, measures of LD decay are essential for estimation of the required quantity and density of markers for GWAS and GS (Bouchet et al., 2012) . Numerous studies have highlighted the importance of analyzing LD and genetic diversity in wheat as a basis for further genome-based research and crop improvement. For example, Zhang et al. (2010a) used 245 genome-wide molecular markers to estimate genetic variation and allelic diversity in 205 hard and soft winter wheat types across different breeding programs in the United States. Benson et al. (2012) investigated population structure, LD, and genetic diversity in 251 winter wheat lines from the eastern United States with enriched Fusarium head blight resistance using DArT and sequence tagged site (STS) markers as a basis for subsequent marker-assisted breeding and association analysis. Cabrera et al. (2014) genotyped two soft winter wheat populations with a 9,000-SNP array and used information on LD and genetic diversity to study population stratification, variation, and genome evolution in American soft winter wheat.
Deep investigation of the hexaploid bread wheat genome is notoriously difficult because of its enormous size (~17  10 9 bp); the close relatedness of the A, B, and D subgenomes; and the high proportion (>80%) of repetitive DNA (Gupta et al., 2008) . On the other hand, ultrafast DNA sequencing technologies have accelerated molecular marker discovery and applications even in complex genomes like that of wheat (Edwards et al., 2013) , and the introduction of high-throughput genotyping platforms has highly improved this bottleneck and enabled the detailed investigation of genetic material for breeding purposes (Ganal et al., 2012) .
In this study, we investigated population genetic parameters on a genome-wide scale among an international diversity set comprising 460 hexaploid wheat accessions using a high-density SNP genotyping array (described by Wang et al., 2014) . The population was assembled by commercial wheat breeders with the intention to replenish genetic variation in European breeding pools and to introgress novel resistances into registered elite cultivars. The data were used to assess population substructure of the collection and identify germplasm groups carrying novel diversity for breeding. Furthermore, the use of high-density, genome-wide markers enabled detailed estimation of genetic variation, substructural differentiation, and LD decay patterns within and between subpopulations on a whole-genome, subgenomic, and chromosomal level.
Materials and Methods

Plant Material
We used an international collection of 460 hexaploid wheat accessions representing different geographic origins in China, Europe, North America, and Australia (Supplemental Table S1 ). Seeds were obtained from W. von Borries-Eckendorf GmbH & Co. KG (Leopoldshöhe, Germany), Wiersum Plant Breeding (Dronten, Netherlands), CSIRO (Canberra, ACT, Australia), and from our own germplasm collection.
The genotype panel includes registered elite varieties, mainly of European and Chinese origin, as well as landraces from China and experimental lines from ongoing breeding programs. In addition to information about pedigree and origin, the genotypes were characterized on the basis of their growth habit into spring wheat forms and early-or late-flowering winter wheat forms. All genotypes were either doubled haploids or selected at the F 6 generation or higher, hence all accessions in the panel were considered to be homozygous.
DNA Extraction and Genotyping
Leaf samples of all genotypes were taken at seedling stage and frozen in liquid nitrogen. Genomic DNA was extracted using a BioSprint 96 magnetic bead robot extraction system (Qiagen) using the Qiagen DNA Plant Kit and the procedure recommended by the manufacturer. For genome-wide marker analysis, DNA samples of all lines were genotyped using the 90,000-SNP wheat genotyping array (Illumina Inc.) described by Wang et al. (2014) , which carries 81,587 functional and valid SNPs. Genotyping was outsourced to TraitGenetics GmbH (Gatersleben, Germany) and automated SNP scoring used a cluster file based on worldwide material described by Wang et al. (2014) . Raw marker data was processed by first excluding all markers with more than two called alleles, more than 10% missing data, or minor allele frequency (MAF) less than 10%. This resulted in a total of 22,377 high-quality, polymorphic SNPs in the 450 genotypes that were used for population-structure analyses. For all analyses requiring positional information, we used a set of 18,681 SNPs with MAF 5% and known map positions on the consensus map described by Wang et al. (2014) .
Population Structure and Genetic Differentiation
Unless otherwise stated, all computations were conducted in the program R (R Development Core Team, 2015) . Population structure of the global diversity panel was investigated using different methods. Initially, we applied a Bayesian model-based clustering algorithm, implemented in the program STRUCTURE 2.3.4, to determine the probable number of subpopulations (K). For this we used a representative subset of 2237 markers, comprising every 10th SNP from the 22,377 with MAF 10%. A hypothetic K-range was set from two to nine. For each run, burn-in time and replication number were both set to 10,000, with eight runs for each K. The optimum K was then calculated using the K-method of Evanno et al. (2005) , implemented in STRUCTURE HARVESTER (Web v0.6.94; Earl and von Holdt, 2012) .
Genetic distances were calculated using the modified Roger's distances (MRD) (Wright 1978) based on the 22,377 polymorphic markers with MAF 10%. To visualize relationships among the 450 genotypes, principal component analysis (PCA) using the first four principal components and unweighted-pair-group method with arithmetic mean (UPGMA) clustering were performed based on MRD. Subsequently, the genotypes were assigned to groups by applying a k-means clustering approach, using the algorithm of Hartigan and Wong (1979) . We first determined an appropriate cluster number by plotting k-means cluster values ranging from 1 to 15 against their corresponding within-cluster sum of squares (Hartigan and Wong, 1979) . The k-means cluster value at which a clear bend appears in the curve is considered as an appropriate cluster number. The k-means clustering was conducted with a start value for random sets of 10.
A heat map of genetic relatedness was drawn by plotting UPGMA trees with related k-means cluster assignments against each other. To further investigate population structure within subgroups, unrooted phylogenetic trees were plotted for each detected subpopulation. The degree of genetic relatedness among the tested accessions was calculated as the average identity-by-state (IBS) using 18,681 mapped, polymorphic markers (MAF 5%) for the whole population and the subpopulations separately, while high IBS values indicate strong kinship (Aulchenko et al., 2007) . To analyze and compare the level of genetic variability among the subgroups on a whole-genome and subgenome level, the gene diversity over all loci, also designated as expected heterozygosity, was calculated using the method invented by Nei (1973) . The gene diversity ranges from zero to one and peaks when many alleles are at equal frequencies. Additionally, to measure the degree to which genetic differentiation in the whole panel can be explained by differentiation within subpopulations, Wright's fixation index (F ST ) was computed using the GENEPOP 4.2.2 software (Raymond and Rousset, 1995; Rousset, 2008) .
Identification and Characterization of Artificial Selection Signatures
To identify loci under directional selection between or within the different subpopulations, we used the F ST outlier detection method implemented in the LOSITAN workbench (Antao et al., 2008) . The calculation was performed using an infinite allele model with 100,000 simulations. All loci that fell outside of the 95% confidence interval were assumed to be candidates for directional selection and used for further analysis. Because only a few published studies report marker-trait associations using the recently generated wheat 90,000-SNP genotyping array and no full reference genome aligning these SNP markers to gene annotations is available, we compared the target regions to information from literature to investigate the potential underlying functions of strongly selected loci. Particular attention was paid to marker-trait associations, biparental quantitative trait loci (QTL), and meta-QTL described for grain yield (Zhang et al., 2010b) , plant height, baking quality (http://ccg.murdoch.edu.au), disease resistance (Klahr et al., 2007; Löffler et al., 2009) , and flowering-time or vernalisation-related traits (Zanke et al., 2014 ).
Analysis of Linkage Disequilibrium
As a measure of LD between SNP markers we calculated r 2 (Hao et al., 2007) between intrachromosomal marker pairs. To describe the relationship between LD decay and genetic map distance, a locally estimated scatterplot smoothing (LOESS) curve with a smoothing degree of 0.3 was calculated. The threshold for LD was comparatively set to r 2 = 0.1 and r 2 = 0.2, assuming that r 2 between marker pairs above these values is likely to be caused by genetic linkage. The intersection of the LOESS curve with the threshold line was assumed to be the estimate for the degree of LD. Comparative analysis was performed separately within all subpopulations for markers mapped on chromosomes representing the A, B, and D subgenomes, respectively. Marker pairs with a distance above 50 cM were assumed to be unlinked (Nielsen et al., 2014) and therefore not considered in the LD decay estimation.
As an estimate of the selection pressure on potential candidate loci for directional selection, mean r 2 values were calculated in 2-cM windows around SNPs showing significant selection. For regions harboring more than one marker, the mean LD was calculated for the whole section plus one additional cM on each flanking side. For detailed investigation of the extent and pattern of LD in particular genomic regions, LD heat maps were plotted for adjacent marker pairs.
Results
Single Nucleotide Polymorphism Genotyping and Marker Distribution
Single nucleotide polymorphism genotyping of 460 wheat lines with the 90,000-SNP Infinium array provided genotype calls for a total of 81,587 SNPs. Of these, we excluded 17.9% SNPs with more than 10% missing values and 66.6% that were either monomorphic or showed a MAF <10%. Ten genotypes with more than 10% missing values were also excluded, resulting in 22,377 high-quality SNPs with MAF 10% and 24,684 with MAF 5% across 450 wheat accessions. These markers were used in the subsequent population structure analyses.
Of these SNPs, 18,681 with MAF 5% (16,206 of which have MAF 10%) have known unique positions on the consensus map of Wang et al. (2014) . The markers cover all 21 T. aestivum chromosomes, with a total of 7312, 9495, and 1874 markers on the A, B, and D subgenome chromosomes and an average distribution of one marker per 0.16, 0.12, and 1.15 cM, respectively. As summarized in Supplementary Table S2, the D subgenome shows the highest number of large marker gaps, with two regions on chromosomes 4D and 7D being larger than 30 cM. Additionally, five segments with no mapped markers were identified on chromosomes 1D, 4D, 5D, and 6D ranging in size from 20 to 30 cM, whereas only one gap of this size could be identified on the A subgenome (on chromosome 7A). The largest chromosome region with no polymorphic SNPs in the B subgenome was a 15.77-cM segment on chromosome 5B. In total, 20, 23, and 68 sections between 5 and 20 cM without polymorphic SNPs were found in the A, B, and D subgenomes, respectively.
Population Structure and Genetic Relatedness
By applying the rate of change in the Napierian logarithm probability relative to standard deviation (K) (Evanno et al., 2005) , the Bayesian clustering model implemented in the STRUCTURE 2.3.4 software found an optimum of K = 3 subpopulations. In contrast, the within-sum of squares curve for a hypothetical cluster number ranging from 1 to 15 showed a clear bench at k = 5, suggesting that there are five main subgroups within the whole population. Correspondingly, subsequent PCA-based k-means clustering further separated the two bigger clusters found by STRUCTURE into two subgroups, respectively (Fig. 1) .
Furthermore, the heat map of relatedness revealed a distinct structure in the two larger groups into at least two major clusters, whereas no strong genetic relations could be found in the third cluster (Fig. 2) . Based on these consistent findings, the five subpopulations (SPs) SP1 (n = 32), SP2 (n = 85), SP3 (n = 115), SP4 (n = 44), and SP5 (n = 174) were used for further analyses.
The subgroup assignments for all genotypes within the diversity panel are summarized in Table 1 . These generally match available information on origin and growing habit. Subpopulations 1 and 2 solely consist of Chinese material, while SP4 and SP5 include most of the European lines, with the exemption of seven genotypes in SP5 that were assumed to have a Chinese genetic background (4, 5, 6, 10, 12, 17, and 18) . The vast majority of European commercial elite varieties are grouped in SP5, while SP4 contains mostly breeding lines with a strong European genetic background, including the German elite cultivars SU Anapolis and Forum. Subpopulation 3 comprises wheat accessions from different origins, such as breeding lines from crosses between European varieties with lines from CIMMYT, Chinese, American, and Australian material and three registered cultivars from Europe (Intro, Linus, and Florence Aurore). Subpopulation 3 is therefore considered to be a mixed subgroup. The distribution of the diverse genotypes based on the population structure analysis methods furthermore resulted in a clear separation of late-flowering winter wheat lines from spring wheat and early-flowering winter wheat accessions. Subpopulations 1, 2, and 3 consisted almost exclusively of spring wheat and early-flowering winter wheat types. Only 21 genotypes described as lateflowering winter wheat fell into these subgroups. On the other hand, SP4 and SP5 included predominantly lateflowering winter wheat genotypes with the exemption of 11 and 37 early-flowering lines, respectively (Supplemental Table S1 ).
To further investigate the population structure and genetic relationships within the subgroups, dendrograms were plotted (Supplemental Fig. S1 ) for all five subpopulations. The unrooted phylogenetic trees reveal a certain amount of structure within the five subpopulations and give more detailed insight into the degree of relatedness among the genotypes in each cluster. The gene diversity of the whole population and the different subgroups on the chromosome and subgenome level is summarized in Supplemental Table S3 , while pairwise F ST values between the five subpopulations are shown in Table 2 . Supplemental Fig. S2 compares minor allele frequencies of polymorphic SNP markers in the whole population to the five subpopulations. The IBS values, a measure for genetic kinship of the genotypes, are displayed as boxplots for the different subgroups in Fig. 3 .
Linkage Disequilibrium Decay
The results of intrachromosomal pairwise LD analysis in the A, B, and D subgenomes, respectively, compared with subgenome LD in the whole population, are shown in Supplemental Table S3 and Fig. 4 . The whole-genome average LD varies strongly between the whole set and the different subpopulations, with r 2 being highest in SP1 (0.296) and the lowest in SP5 (0.064). Overall, the D subgenome showed the highest r 2 , followed by the B and D subgenomes, respectively. An exception to this general observation was seen for SP2, which had higher average LD in the A subgenome (0.113) than in the B subgenome (0.093).
As shown in Fig. 4 , LD in the whole population decayed the fastest in the A subgenome, reaching r 2 values for intrachromosomal marker pairs below 0.1 at 4.1 cM. The B genome LD decayed 0.5 cM subsequently, whereas r 2 measures for the D genome did not fall under 0.1 until 11.2 cM.
Comparing the LD decay of the subpopulations in the three subgenomes revealed that the highest extent of LD was present in SP1 over all three subgenomes, with average LD decay distances of 54.7 and 40.8 cM (r 2 = 0.1) for the A and D subgenomes, respectively. In the B subgenome, r 2 values never reached the bottom line of 0.1. Subpopulation 4 showed a comparatively high extent of LD in the B subgenome, with a decay distance of 14.5 cM, while LD decayed considerably faster in SP2, SP3, and SP5 (5.8, 5.3, and 7 cM, respectively). The LD in the D subgenome decayed next fastest in SP4 (11.7 cM), followed by SP3 (12.7 cM), SP2 (14 cM), and SP5 (14.7 cM).
Quantitative Trait Loci and Metaquantitative Trait Loci for Key Breeding Targets Define Selection Signatures in Distinct Wheat Genepools
A total of 150 loci located on 12 chromosomes of the A, B, and D subgenomes (four on each subgenome) were found to exhibit signatures of directional selection in one or more of the five subpopulations defined by the structure analysis as identified by F ST outlier detection (Supplemental Table S5 ). As shown in Fig. 5 , many of these selective sweeps have led to absolute or near fixation for specific alleles at the respective loci in one or more of the subpopulations. Other loci show less pronounced directional selection but with similar patterns in multiple subpopulations. Supplementary Table S4 Heat map of relatedness among 450 genotypes. Dendrograms were plotted using unweighted-pair-group method with arithmetic mean (UPGMA) clustering based on modified Roger's distances for 22,377 polymorphic single-nucleotide-polymorphism (SNP) markers (minor allele frequency 10%). Degree of relatedness is indicated by colors from light yellow (no relatedness) to red (strong relatedness). Colors next to UPGMA trees correspond to the k-means clustering assignment.
Heat maps drawn to visualize and characterize LD in selected chromosome regions with particularly prominent F ST outliers (Fig. 6 ) revealed that the majority of SNPs located in these chromosomal regions are involved in distinct LD blocks, underlining the assumption that these loci have undergone strong directional selection. Surprisingly, 42% of the candidate loci were located in a single 10-cM segment on chromosome 1B, hence, we investigated this region in more detail to determine its background in terms of known QTL for important agronomic traits (Supplemental Table S6 ) and its diversity across the different wheat subpopulations. Closer investigation revealed an enormous LD block, particularly in subpopulation SP4 (Fig. 6) , whose members share recent ancestry from crosses with the accession 'Shanghai-3/ Catbird' (SHA3/CBRD) developed by CIMMYT. The accession SHA3/CBRD carries a 1B/1R translocation from rye that confers multiple positive traits but is known to suppress recombination on chromosome 1B.
Discussion
The exploitation of genetic resources remains the most promising option to accelerate wheat improvement and to enhance genetic variation for selection (Mohammadi and Prasanna, 2003) . Indeed, enrichment of modern gene pools depleted by intensive breeding (Fu et al., 2006 ) is vital to reverse the erosion of genetic variability and further improve yield and heterosis potential. A detailed genetic description of potential crossing partners in breeding programs, using the latest low-cost, high-density genotyping tools, opens the possibility to precisely reinstate depleted diversity in genomic target regions or at a subgenome or whole-genome level. In this study, we describe the population structure and genomewide diversity in an international collection of 460 hexaploid bread wheat accessions using the recently released 90,000-SNP Illumina Infinium wheat genotyping array. By implementing genetic linkage data from almost 20,000 polymorphic SNPs that have known consensus map positions, we were able to perform a detailed analysis of local, subgenomic, and genome-wide LD. The resulting dataset provides unique insight into the genomic consequences of artificial selection in a comprehensive international collection of bread wheat. The results provide important information for breeders attempting to improve recombination of strongly conserved LD blocks in lowdiversity genome regions associated with signatures of selection for key adaptive and agronomic traits.
High-Density Single Nucleotide Polymorphism Genotyping and Marker Distribution
The 90,000 Illumina Infinium SNP Array is a recent, high-density wheat genotyping platform that was first described by Wang et al. in 2014 . To our knowledge, our study is the first to implement the 90,000-SNP array for comprehensive analysis of genome-scale diversity in a large international panel of unrelated wheat genotypes. Our results therefore provide valuable information on performance and applicability of the array for the design of GWAS or GS approaches in bread wheat. A number of previous studies have shown the value of genotyping-by-sequencing (GBS) approaches for highdensity SNP scoring in wheat (Poland et al., 2012a,b) . Although GBS has obvious merits in terms of potentially low cost and discovery of unknown alleles (Elshire et al., 2011) , the complex data analysis pipeline required to successfully apply GBS in plants with polyploid genomes like wheat, particularly in nonrelated populations where segregation data cannot assist in locus calling, demand considerable bioinformatics expertise and infrastructure. Furthermore, the intellectual property associated with GBS technologies complicate its use by commercial breeders, who often prefer standardized array-based data formats for marker-assisted selection, GWAS, and GS.
The low proportion of polymorphic SNPs we detected on D subgenome chromosomes is consistent with previous findings (Cabrera et al., 2014; Zanke et al., 2014; Zegeye et al., 2014) and reflects how the evolutionary bottleneck in the D subgenome of bread wheat (Wang et al., 2014) has caused ascertainment bias for polymorphic SNPs from the different subgenomes (Würschum et al., 2013; Thomson, 2014) . Compared with previous studies that used a 9,000-SNP array or GBS to analyze hexaploid wheat, the 90,000-array, to some extent, alleviates the difficulty of D subgenome genotyping. In total, between 52 and 607 polymorphic SNPs were located on the seven D-subgenome chromosomes in our study. This elevated level of diversity, compared with many previous studies, reflects both the larger size and the more diverse nature of our population. Nevertheless, the very low overall genetic variation in the D subgenome of hexaploid wheat, even among very distant gene pools, underlines the pressing need for introduction of new D-subgenome diversity via synthetic wheat lines (Henry and Nevo, 2014; Jia et al., 2013) .
Chromosome-Scale and Subgenome Diversity Patterns
The low-diversity D subgenome includes the highest number of marker gaps greater than 5 cM in which no polymorphic SNPs could be mapped (Supplemental Table S2 ), along with the two largest nonpolymorphic chromosomal sections (>30 cM), on 4D and 7D. Since the SNPs on this genotyping array were mainly developed from protein-coding transcriptome sequences (Wang et al., 2014) , the enormous number of repetitive, noncoding DNA sequences (>80%) throughout the wheat genome (Gupta et al., 2008) certainly contribute to variation in chromosomal distribution of these SNPs. On the other hand, SNPs targeting coding regions of the genome are particularly useful for GWAS and GS approaches, hence, information about the distribution of these SNPs are highly relevant for the design of GWAS experiments and high-resolution QTL mapping and cloning.
Population Structure and Genetic Relatedness
Clear population stratification was identified between subpopulations comprising Chinese (SP1 and SP2) and European materials (SP4 and SP5). Balfourier et al. (2007) report a similar clear separation between Asian and European wheat lines based on SSR marker data. In our study, seven lines originating from China that clustered closely together with European registered cultivars in SP5 are likely to represent interpool germplasm exchanges by Chinese breeders. Subpopulations 1, 2, and 3 consist almost exclusively of spring and early-flowering winter wheat types, whereas SP4 and SP5 comprise mainly late-flowering winter wheat accessions. The clear ecogeographic subdivision between spring and winter wheat has been well documented previously (e.g., Chao et al., 2010) . Within these material groups, however, the phylogenetic trees and heat maps of relatedness for the five subpopulations provide highly beneficial information for choosing genetically divergent crossing partners within geographically limited germplasm.
Gene Diversity and Genetic Differentiation
Analysis of gene diversity over all loci revealed strong differences in genetic variability between and within the subpopulations on the whole-genome, subgenome, and single-chromosome level. Considerable variation was observed within the different subgroups for diversity of chromosomes from the same subgenome. As expected Figure 5 . Average linkage disequilibrium (LD) at 24 Wright's fixation index (F ST ) outlier loci compared over the whole population and the five subgroups, respectively. Candidate loci were calculated using the LOSITAN workbench (Antao et al., 2008) and represent potential targets for directional selection in the corresponding germplasm groups. The LD was calculated as r 2 for single nucleotide polymorphism markers with a minor allele frequency 5%.
from previous studies, the D genome showed the lowest genetic diversity for all five subpopulations (Akhunov et al., 2009 Hao et al., 2011; Cabrera et al., 2014) , reflecting the most recent polyploidy bottleneck of hexaploid wheat (Marcussen et al., 2014; Chao et al., 2010) . On the other hand, in some subpopulations individual chromosomes showed considerably higher gene diversity than the D subgenome average of 0.32, particularly chromosome 3D in SP4, which showed gene diversity of 0.47. In contrast, Akhunov et al. (2010) found a distinctly lower diversity on chromosome 3D than on the other D-subgenome chromosomes. Wang et al. (2014) also report only moderate to low diversity on chromosome 3D, especially compared with the most diverse D-subgenome chromosomes 1D and 2D. These contrasting results suggest that the high diversity on 3D in SP4 in our study should be further investigated as a potentially promising resource for genetic diversity on this chromosome. The comparatively high A-and B-subgenome diversity in SP5, which contains most registered elite varieties within our diversity set, is considerably higher than reported by Nielsen et al. (2014) for 94 European elite wheat varieties. This might be explained by a higher polymorphic information content (PIC) from the genome-wide SNPs compared with the DArT markers used in the previous study. On the other hand, Mackay et al. (2014) also report a lower average PIC of 0.251 for 64 registered varieties from the United Kingdom genotyped with the same 90,000-SNP array, whereas Würschum et al. (2013) reported a PIC of 0.33 for a set of 172 European cultivars analyzed with a 9,000-SNP chip. The higher gene diversity in SP5 in our study possibly reflects recent breeding progress in diversification of this gene pool. In contrast to SP5, the smaller European subgroup SP4 had a distinctly lower average gene diversity (0.34), comparable to those in the studies of Mackay et al. (2014) and Würschum et al. (2013) . However, the highly related pedigree of SP4, whose members derived mainly from a single CIMMYT donor, certainly contributes to its the low genetic variation. Gene diversity in the Chinese subgroup SP2 (0.39) reflects the level of 0.40 found in similar materials by Zhang et al. (2011) , whereas the much smaller group SP1 was considerably less diverse (0.28). This may be because smaller populations tend to expose less gene diversity than larger ones (Würschum et al., 2013) . The marker data revealed that the Chinese landrace Wangshubai was represented three times in SP1, possibly due to declaration errors, meaning that SP1 contained only 30 distinct genotypes.
Subgenomic Signatures of Directional Selection
Knowledge about the extent and pattern of LD in plant populations is a crucial prerequisite for genome-based plant research and can support breeding in various ways. The two major uses of LD in plants are (i) to analyze marker-trait associations as LD determines the resolution of a GWAS experiment (Flint-Garcia, 2003; Benson et al., 2012) and (ii) to investigate genetic diversity in natural populations or germplasm collections for the study of population genetics in crop breeding programs (Gupta, 2008) . Strong mean LD in the D genome has previously been reported by several studies (Chao et al., 2010; Hao et al., 2011; Chen et al., 2012; Nielsen et al., 2014; Wang et al., 2014) ; however, investigations that pinpoint specific wheat chromosomes and chromosome regions with the strongest signatures of selection are less common. We demonstrated that all bread wheat subgenomes carry chromosome regions that have been subject to strong directional selection in specific subpopulations with distinct ecogeographic distributions. On the other hand, our data revealed that the extent and decay of LD is highly dependent on population structure within the different subgenomes.
Knowledge about local LD in different breeding pools is an important prerequisite for rejuvenation of diversity within subgenomic signatures of selection at essential adaptation, plant height, or grain quality loci.
Background selection with high-density markers, using donors selected based on the data presented here, might help increase levels of recombination around causative genes for significant selective sweeps.
Conclusions for Applied Breeding
Exploitation of genetic resources is vital to broaden genetic variation for wheat improvement and to break present yield barriers. Our study discloses genetic relationships and diversity in a broad international panel of hexaploid wheat lines and suggests that there is a suitable variation among pools, especially between spatially distinct groups, for targeted introgression of useful variation with suitable recombination into diversity-poor regions of elite varieties. High-density SNP genotype data for large diversity collections can support the selection of crossing parents both between and within gene pools to increase overall genetic variation in a breeding program. Our study provides valuable basic information for combining materials with similar adaptations that show a high phenotypic and genotypic variation to broaden the diversity for selection.
Chinese wheat materials represent a particularly interesting resource for transfer of quantitative disease resistances into depleted European gene pools. For example, the diversity set used in the present study includes some of the most important donors (e. g. cultivars Sumai 3, Wangshubai, Ning 7840, Dream, and Lynx) of resistance to Fusarium head blight, one of the most important diseases of bread wheat worldwide (Burstmayer et al., 2009) . Use of the genotype data to perform GWAS for such resistances can provide important knowledge about the genetic basis of important disease resistances and facilitate the deployment of introgressed resistances in cultivars that fulfill the requirements of quality and local adaptation.
